composite films with metal fractions of 20% and 33% were prepared by magnetron sputtering. The Ag particles inside the composite films were less than 5 nm in radius. The optical absorption and near-field enhancement properties of the composite films were measured. On the plots of optical absorption, the extra absorption was observed as well as the surface plasmon resonance absorption. The intensity of the extra absorption depended on the particle size and metal fraction. Moreover, the composite films with higher extra absorption had better near-field enhancement properties. These phenomena were possibly related with the interaction between Ag particles in composite films.
Introduction
Metal-dielectric composite films have many special optical properties that are absent for either the bulk metal or the dielectric components. As the metaldielectric composite films are irradiated by electromagnetic waves, the surface plasmon resonance (SPR) of metal particles is stimulated, and then the strong absorption is caused. [1] [2] [3] Another important property of metal-dielectric composite films is the local near-field enhancement. 4 -6 Because the optical field near the surface of the composite film is in great flux in some areas, called "hot spots," it could be considerably higher than the original incident field. As a result, the metal-dielectric composite films have been applied to enhance the Raman scattering, 7-9 the infrared absorption, 10, 11 and the photoluminescence emission. 12, 13 When the metal particles in a composite film are concentrated, both the optical absorption and the near-field enhancement property would be distinctly influenced by the interaction between metal particles. However, this was usually ignored in early studies. 14, 15 Few experimental results about the relationship between the interaction and the optical properties of composite films were reported.
In this work, the interaction between metal particles and its effects on the optical properties of Ag-Si 3 N 4 composite films is investigated. The present paper is the first part of a two-part report, in which Ag-Si 3 N 4 composite films with metal fractions of 20% and 33% were prepared and the optical absorption and near-field enhancement property were measured. In the second part, 16 a two-particle approximation is deduced based on the discrete-dipole method, and then the influence of interaction between metal particles on the optical properties is estimated by using this approximation.
Sample Preparation
Ag-Si 3 N 4 composite films were deposited by radiantfrequency magnetron sputtering using an Ag-Si 3 N 4 composite target. The thickness of all composite films was 40 nm. The volume fraction of Ag particles ͑f Ag ͒ in composite films was adjusted by the metal fraction in a composite target. The microstructure in composite films was observed by a transmission electron microscope (TEM; JEOL JEM-200CX). The composite films for the TEM observation and for the measurement of optical properties were deposited on NaCl sheets and quartz glass sheets, respectively. The TEM observation reveals that the size of Ag par-ticles in composite films was changed by varying the Ar pressure during sputtering. Figure 1 shows the TEM images of Ag-Si 3 N 4 composite films deposited at 2.0 Pa and 1.0 Pa. The average radius of Ag particles ͑r a ͒ measured from the TEM images was 3 nm and 1 nm, respectively.
Optical Properties

A. Optical Absorption
The transmittance and reflectance of composite films were measured by a spectrophotometer (Shimadzu UV-2100) at a wavelength of 300-800 nm. The optical absorption was calculated from these data. 17, 18 The absorption of Ag-Si 3 N 4 composite films with r a ϭ 3 nm and r a ϭ 1 nm were displayed in Fig. 2 . The metal fraction was ϳ20% and ϳ33% for each particle size. All plots presented a maximum absorption at a wavelength of ϳ410 nm. It is believed that this peak is due to the SPR absorption of Ag nanoparticles. [1] [2] [3] On the spectra of composite films with r a ϭ 3 nm, the extra absorption was observed as well as the SPR absorption [ Fig. 2(a) ]. When f Ag ϭ 20%, this extra absorption was very weak, appearing at a wavelength of ϳ530 nm. As f Ag increased from 20% to 33%, this absorption was enhanced and extended to 500-600 nm. Nevertheless, no extra absorption was observed on the spectra of composite films with r a ϭ 1 nm [ Fig. 2(b) ].
B. Near-Field Enhancement
In order to determine the near-field enhancement property of Ag-Si 3 N 4 composite films, the specimens consisting of an Ag-Si 3 N 4 composite film and an adjacent optical recording layer (GeSbTe film) were prepared by sputtering. The thicknesses of the Ag-Si 3 N 4 composite films and the recording layer were 40 nm and 7 nm, respectively. As shown in Fig. 3 , these specimens were exposed to a single-pulsed laser with wavelength of 690 nm. The duration of the pulse varied from 500 ns to 5 s, and the power was from 3.8 to 7.2 mW. As the laser pulse was intense enough, it caused ablated spots on the recording layer. These changes could be observed by using a scanning electron microscope (SEM; JSM-6301F). 6, 19 Three samples with Ag-Si 3 N 4 composite films were examined: (1) f Ag ϭ 33%, r a ϭ 3 nm; (2) f Ag ϭ 33%, r a ϭ 1 nm; (3) f Ag ϭ 20%, r a ϭ 3 nm. A contrastive sample containing only a recording layer was also examined. Figure 4 summarizes the responses of the recording layer to the single-pulsed laser with different input powers and durations. The symbols "ϫ" and "⌬" denote that the recording layer was unchanged or ablated, respectively. On the specimen without composite film, the ablated spots were formed only at a laser pulse of 5 s [ Fig. 4(a) ]. However, the ablation was induced under shorter duration (i.e., 1 s) on the sample containing composite film with f Ag ϭ 33% and r a ϭ 3 nm [ Fig. 4(b) ]. Figure 5 shows the SEM photographs of the ablated spots on different samples, which were induced by the laser pulse with duration of 5 s and power of 7.2 mW. It is obvious that the ablation on the recording layer could be improved by the composite film with f Ag ϭ 33% and r a ϭ 3 nm 
Discussion
It had been reported that the shape and position of the SPR absorption peak could be changed with the shape and size of particles in metal-dielectric composite films. 1, 3 However, those changes were very tiny; no obvious extra absorption peak was induced. It was different from the experimental results shown in Fig. 2(a) . In order to explain the experimental results, the optical properties of Ag-Si 3 N 4 composite films were calculated by using the Maxwell-Garnett equation. 5 The dielectric constants of Ag and Si 3 N 4 ( Fig. 6 , ⑀ ϭ ⑀Ј ϩ i⑀Љ) were measured from Ag film and Si 3 N 4 film with thickness over 1 m. Then the dielec- tric constants of Ag nanoparticles in composite film ͑⑀ Ag ͒ were simulated by using the equations reported by Krebig 20 :
where ⑀ Ag0 is the dielectric constant of bulk Ag. The calculated optical constants ͑n, k͒ are shown in Fig. 7 , in which the value of k is in proportion to the optical absorption. When the metal fraction is low (i.e., f Ag ϭ 5%), the calculated curves presented the SPR absorption similar to that in Fig. 2 . However, the position of the SPR absorption is inconsistent with the experimental when f Ag ϭ 20% and f Ag ϭ 33%. Moreover, no extra absorption was observed on the simulated curves. It seems that the Maxwell-Garnett equation cannot work well in the case of composite films with high metal fraction.
By comparing the absorption curves in Fig. 2 with the near-field enhancement properties shown in Figs. 4 and 5, it is found that the composite films with higher extra absorption have better near-field enhancement property. Such extra absorption plus the improvement of near-field enhancement are influenced by the particle size and metal fraction. The authors suggest that these properties are probably related with the interaction between Ag particles in composite films. In the second part of this work, 16 a two-particle approximation with the interaction considered is deduced and applied to calculate the optical properties of Ag-Si 3 N 4 composite films.
Conclusions
Ag-Si 3 N 4 composite films with metal fractions of 20% and 33% were prepared by magnetron sputtering. The average size of Ag particles was varied from 1 nm to 3 nm by controlling the sputtering condition. The optical absorption and the near-field enhancement of composite films were measured. On the absorption curve of composite film with f Ag ϭ 33% and r a ϭ 3 nm, the extra absorption was observed as well as the SPR absorption. On the other hand, the optical near field was greatly enhanced by this composite film. These optical properties were dependent on the metal fraction and the particle size. As f Ag decreased from 33% to 20%, or r a was reduced from 3 nm to 1 nm, both the extra absorption and the near-field enhancement were weakened. The authors suggested that the extra absorption and the improvement of near-field enhancement were probably related with the interaction between the Ag particles in composite films. In a companion paper, a two-particle approximation with the interaction considered is deduced to calculate these optical properties.
